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SUMMARY 

The results of analytical studies of tail-pipe-burning, water- 
injection, and bleedoff methods of thrust augmentation are 
presented that provide an insight into the operating character- 
istics of these augmentation methods and summarize the per- 
formance that may be obtained when applied to a typical 
turbojet engine. A brief description of the principles of oper- 
ation of each augmentation method is given, together with 
curves that illustrate the effects of the principal design and 
operating variables of the augmentation system on the thrust 
and the liquid consumption of the engine. 

The necessity of designing tail-pipe burners with a low 
burner-inlet velocity, a low burner drag, and a high diffuser 
efficiency in order to obtain a high thrust augmentation and to 
minimize the loss in engine performance during nonbuming 
operation is illustrated. The ratio of augmented to normal 
thrust produced by a typical tail-pipe burner at sea-level 
altitude increased with flight Mach number from a value of 
nearly 1.5 at a Mach number of 0 to over 3.0 at a Mach number 
of 3.0 and decreased with increasing altitude for supersonic 
flight Mach numbers. 

Water injection is considered for injection into the com- 
pressor inlet and for injection into the engine combustion 
chambers. With sufficient water injection into the compressor 
■inlet to saturate the air at the compressor outlet, the ratio of 
augmented to normal thrust at sea level increased from 14 at 
a Mach number of 0 to nearly 3.6 at a Mach number of 2.0. 
The injection of wafer into the combustion chambers of an 
engine having compressor characteristics typical of an axial- 
flow compressor provided slightly less thrust augmentation than 
the compressor-inlet-injection method and the specific liquid 
consumption was about twice as great. 

The thrust augmentation provided by the bleedoff method was 
the highest of the three methods studied for engines with com- 
pressor characteristics typical of either centrifugal- or axial- 
flow compressors. The maximum augmented thrust at a flight 
Mach number of 0 and sea-level altitude for the centrifugal- 
dow-type engine, which was somewhat higher than for the axial- 
flow-type engine, was about 2.3 times the normal thrust of the 
engine. This thrust augmentation was, however, obtained at 
the expense of a high rate of liquid consumption and required 
that stoichiometric combustion be maintained in the engine 
combustion chambers. 


INTRODUCTION 

Methods of increasing the thrust of turbojet engines for 
short periods of time are of importance in increasing the 
effectiveness of this type of aircraft power plant. Thrust- 
augmentation methods find principal application in improving 
both the take-off and climb characteristics of jet-propelled 
aircraft, as well as the combat and the high-speed performance 
of many military aircraft. Three different methods of thrust 
augmentation that are of current interest and that have 
been the subject of recent analytical and experimental 
investigations are tail-pipe burning, water or water-alcohol 
injection, and bleedoff. In order to obtain an insight into 
the operating characteristics of these three thrust- 
augmentation methods, an analytical study of the perform- 
ance of each method was made at the NACA Lewis labora- 
tory during 1949 and the results are presented herein. 

The three methods of thrust augmentation are treated 
separately and are applied to turbojet engines having com- 
ponent efficiencies and operating conditions that are repre- 
sentative of those' in current use. A brief description of the 
principles of operation of each augmentation method is given, 
together with curves that illustrate the effects of the principal 
design and operating variables of the augmentation system 
on the thrust and liquid consumption of the engine. For the 
tail-pipe-buming method of thrust augmentation, particular 
attention is given to the effect of the burner-design parameters 
on both augmented- and normal-engine performance. 
The variation of engine performance with flight conditions is 
presented for a representative burner design. Two methods 
of water injection are considered: injection into the com- 
pressor inlet, and injection into the combustion chambers 
of the engine. For each method, the augmented-engine 
performance is presented for a range of injected water-air 
ratios and for several typical flight conditions. The perform- 
ance of the bleedoff cycle of thrust augmentation is investi- 
gated for a wide range of bleedoff flow rates for zero-ram, 
sea-level flight conditions; results are presented for engines 
having both constant- and variable-area exhaust nozzles and 
with compressor characteristics typical of both axial- and 
centrifugal-flow compressors. 

A continuation of this study in which the performance of 
various thrust-augmentation methods are compared on the 
basis of airplane performance for several flight conditions is 
presented in reference 1. 
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SYMBOLS 

Tlie following symbols are used in the analysis and in the 
presentation of the results: 

Ci tail-pipe-burner drag coefficient, defined as drop in 
total pressure across burner due to friction divided by 
burner-inlet dynamic head 

C v exhaust-nozzle velocity coefficient, defined as ratio of 
actual to theoretical jet velocity 
F net thrust, (lb) 

j over-all fuel-air ratio 

g acceleration of gravity, (ft/sec 2 ) 

M flight Mach number 
N compressor speed, (rpm) 

P total pressure, (lb/sq ft) 

p static pressure, (Ib/sq ft) 

R gas constant, (ft-lb/(lb)(°R)) 

T total temperature, (°R) 
t static temperature, (°R) 

V velocity, (ft/sec) 

W engine air flow, (lb/sec) 

7 ratio of specific heats 

rj b adiabatic tail - pipe - burner - inlet diffuser efficiency, 


7—1 



7-1 

(fr - 1 

7j e adiabatic engine-inlet diffuser efficiency, 

x M ’ 


Vt 


e 


adiabatic turbine efficiency, 



compressor-inlet total temperature, T\ 

standard NACA temperature at sea level, 518.4° R 
effective temperature of fluid passing through com- 
pressor 


Subscripts: 

0 free stream 

1 compressor inlet 

2 compressor outlet 

4 turbine inlet 

5 turbine outlet 

6 tail-pipe-burner inlet 

7 tail-pipe-burner outlet 

8 exhaust-nozzle outlet 

a augmented engine 

j exhaust jet expanded to atmosphere 

n normal engine 


TAIL-PIPE BURNING 
ANALYSIS 

The tail-pipe-burning method of thrust augmentation, or 
afterburning as it is sometimes designated, consists of intro- 
ducing and burning fuel between the turbine and the exhaust 
nozzle of the engine. The increased temperature of the 
exhaust gases thus produced results in an increase in the jet 
velocity and hence an increase in the thrust. A schematic 
diagram of a turbojet engine equipped for tail-pipe burning 
is shown in figure 1 . Because the velocity of the gases in the 
tail-pipe burner must be sufficiently low to avoid excessive 


Combustion 


Variable -area 



nozzle ' 
outlet 1 


Figuee 1.— Schematic diagram ot turbojet engine equipped for tail-pipe burning. 
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pressure losses and to insure satisfactory combustion, a 
diffuser is provided between the turbine outlet and the tail- 
pipe-burner inlet. Fuel is injected into the tail-pipe burner 
upstream of flame holders that provide the stagnation 
regions and the turbulence necessaiy for combustion. A 
suitable length of tail pipe is provided downstream of the 
flame holders to permit completion of combustion before 
reaching the exhaust nozzle. The exhaust nozzle must be of 
the variable-area type, either two-position or continuously 
variable, in order to provide for operation under both non- 
burning and augmented conditions. A more detailed dis- 
cussion of the tail-pipe-burning method of thrust augmenta- 
tion, together with a generalized method of the analysis of 
the cycle, is presented in reference 2. 

The net thrust of the engine F, which is equal to the change 
in momentum of the gases passing through the engine, may 
be expressed as 

F=j-[Vj(l+f)-V a ] (1) 

The ratio of the augmented net thrust to the normal net 
thrust, which is herein designated the augmented thrust 
ratio, may be written as 

Fa __ Vo (ys 

Fa F,.„(l+/n)-F 0 K) 

The values of the effective jet velocity V } for both the 
augmented and the normal engine were determined by con- 
ventional step-by-step calculations through each of the 
engine components. For subsonic flight speeds, an engine- 
inlet diffuser efficiency y e of 0.91 was assumed; for supersonic 
speeds, total-pressure ratio recovery factors PJP Q of 0.95, 
0.93, and 0.88 were assumed for flight Mach numbers of 1.0, 
1.5, and 2.0, respectively. The compressor pressure ratio 
was taken as 4.0 at sea-level altitude and a flight Mach 
number of 0. For other flight conditions, the pressure ratio 
was varied to meet the condition of constant work input per 
pound of air. The compressor efficiency y c was assumed to 
be 0.80 and the turbine efficiency y t was assumed to be 0.85. 
A pressure loss in the primary-engine combustion chambers 
of 0.03 of the total pressure at the compressor outlet was 
used in all the calculations. Both the augmented and normal 
engines were considered to be operating at a constant turbine- 
inlet temperature T t of 2000° R. Because a constant 
turbine-inlet temperature is assumed, it is implied that- the 
exhaust-nozzle area is adjusted to the proper value at all 
operating conditions. The normal engine was assumed to 
have no tail-pipe pressure losses; that is, the exhaust-nozzle- 
inlet total pressure was assumed equal to the turbine-outlet 
total pressure. The tail-pipe burner is considered as a 
constant -area duct in which the over-all pressure drop is the 
sum of the friction and momentum pressure drops; the friction 
pressure drop between the turbine outlet and the exhaust- 
nozzle inlet was determined from the burner-inlet diffuser 
efficiency and the burner drag coefficient, as previously 
defined, and the momentum pressure drop in the tail-pipe 
burner was calculated from considerations of the change in 


momentum of the gases due to combustion. The exhaust- 
nozzle velocity coefficient C, was assumed to be 0.975 for 
both the augmented and normal engines. A combustion 
efficiency of 0.95 was used in the calculations of fuel flow to 
both the primary combustion chambers and the tail-pipe 
burner. Dissociation was also considered in the calculations 
of fuel flow to the tail-pipe burner. 

Calculations were made to determine the effect of tail-pipe- 
burner-outlet gas temperature T 7 , turbine-outlet velocity 
V Sl burner-inlet velocity T” a , bumer-inlet diffuser efficiency 
i}t, and burner drag coefficient C d on the performance of the 
engine under both augmented and unaugmented conditions. 
For each set of calculations, one of these variables was 
systematically varied while all the others were held constant 


at the following reference values: 

Tail-pipe-burner-outlet gas temperature, Tj, °R 380Q 

Turbine-outlet velocity, Vj, ft/sec 750 

Tail-pipe-burner-inlet velocity, T” 6 , ft/sec 400 

Tail-pipe-burner-inlet diffuser efficiency, 0. 80 

Taii-pipe-burner drag coefficient, C d 1. 0 


RESULTS AND DISCUSSION 

Tail-pipe-burner-outlet temperature. — The effect of the 
tail-pipe-bumer-outlet temperature on the augmented thrust 
ratio is shown in figure 2 for a range of burner-inlet velocities 
from 200 to 750 feet per second. These results are for sea- 
level altitude and a flight Mack number of 0. The turbine- 
outlet temperature associated with the 2000° R inlet tem- 
perature and the assumed values of compressor pressure ratio 
and efficiency (that is, compressor work) is 1730° R and is 
indicated in figure 2 by the vertical dashed boundary line at 
this value of burner-outlet temperature. 



1600 2Q00 2400 2800 3200 3600 4000 

Tail- pipe-burner— outlet temperature , *R 


Figure 2.— Variation o£ augmented thrust ratio obtained by tab-pipe burning with tail-pipe- 
bumer-outlet temperature for various tafl-pipe-bumer-inlet velocities. Turbine-outlet 
velocity, 730 feet per second; tail-pipe-bumer-inlet diffuser efficiency, 0.80; tail-pipe-buroer 
drag coefficient, 1.0; flight Mach number, 0; altitude, sea level. 
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The augmented thrust ratio increases with increase in 
burner-outlet temperature as a result of the accompanying 
increase in jet velocity and decreases with increase in burner- 
inlet velocity because of increased friction and momentum 
pressure drop across the burner. The performance with 
neither friction nor momentum pressure losses in the tail- 
pipe burner, which is an idealized case of a burner-inlet 
velocity of 0, is included for comparison as the upper dashed 
curve. For burner-inlet velocities below about 700 feet per 
second, a maximum burner-outlet temperature of slightly less 
than 4000° R is reached when the over-all engine fuel-air 
ratio is stoichiometric. At high burner-inlet velocities, the 
maximum burner-outlet temperatures that can be reached 
without affecting the engine operating conditions are limited 
by thermal choking. At a burner-outlet temperature of 
3800° R and a burner-inlet velocity of 400 feet per second, 
the augmented thrust ratio is 1 .47. The values of augmented 
thrust ratio of less than 1.0 at a gas temperature of 1730° R 
represent a loss in unaugmented-engine performance due to 
the pressure losses in both the tail-pipe-burner-inlet diffuser 
and in the tail-pipe burner itself. The effect of the various 
burner-design parameters on this loss in unaugmented 
performance, as well as on the augmented-engine perform- 
ance, is illustrated in greater detail in subsequent figures. 

Turbine-outlet velocity and diffuser efficiency. — The aug- 
mented thrust ratio is plotted against the turbine-outlet 
velocity in figure 3 for a burner-outlet temperature of 
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Figure 3.— Variation of augmented; thrust ratio obtained by tail-pipe burning with turbine- 
outlet velocity tor various tail-pipe-burner-inlet diffuser efficiencies tor unaugmented and 
augmented operation. Tail-'pipe-burner-inlet velocity, 400 feet per second; tail-pipc-bumer 
drag coefficient, 1.0; flight Mach number, 0; altitude, sea level. 


3800° R and diffuser efficiencies of 1,0, 0.8, and 0.6. A 
similar set of curves is included for a gas temperature of 
1730° R in order to illustrate the performance at nonburn- 
ing or unaugmented conditions. 

For a diffuser efficiency of 1.0, both the augmented and 
unaugmented thrust remain constant with change in 
turbine-outlet velocity ; for the more realistic values of diffuser 


efficiency, however, the performance progressively decrea c 
with increased turbine-outlet velocity and decreased diffuse 
efficiency. For example, with a diffuser efficiency of 0.8, 
an increase in the turbine-outlet velocity from 750 to 1200 
feet per second results in about a 3-perconl decrease in 
thrust for augmented operation and about a 2-pereenl de- 
crease in unaugmented thrust. With a diffuser efficiency 
of 0.6, the adverse effects of increased turbine-outlet velocity 
are even greater. 

These results illustrate the desirability of designing the 
turbojet engine with a low turbine-outlet velocity in order 
to obtain high thrust augmentation and to minimize pen- 
alties arising from pressure losses in the tail-pipe burner 
during .nonburning operation. Alternatively, if the engine 
has a high turbine-outlet velocity, every effort should be 
made to obtain a high diffuser efficiency. 

Burner-inlet velocity and drag coefficient.— In figure 4, 
the augmented thrust ratio is plotted against the burner- 
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Figure 4— Variation of augmented thrust ratio obtained by tail-pipe burning with lail-pipe- 
burner-inlet velocity for various tail-pipe-burner drag coefficients for unaugmented and 
augmented operation. Turbine-outlet velocity, 750 feet per second; tntl-plpe-burner-Inlcl 
difluscr efficiency, 0.80; flight Mach number, 0; altitude, sea level. 

inlet velocity for a range of burner drag coefficients and for 
burner-outlet gas temperatures of 3800° and 1730° R. An 
increase in the burner-inlet velocity results in a considerable 
decrease in the augmented thrust ratio for all values of 
burner drag coefficient for augmented operation and for the 
higher values of drag coefficients for nonburning operation. 
The greater effect of burner-inlet velocity on augmented 
operation than on nonburning operation is due to the fact 
that for, augmented operation, the pressure losses in the 
burner are the result of both the burner friction and the 
momentum change of the gases, whereas for nonburning 
operation, only the friction pressure drop occurs. As might 
be expected, the augmented thrust ratio is comparatively 
unaffected by an increase in the burner drag coefficient at 
low burner-inlet velocities, but at the higher velocities, the 
adverse effects of a high drag coefficient are of significant 
magnitude. For example, at an inlet velocity of 600 feet 
per second, an increase in the drag coefficient from 1.0 to 
3.0 reduces the augmented thrust ratio from 1.33 to 1.09 
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for augmented operation and from 0.95 to 0.82 for the non- 
burning condition. At 400 feet per second, which may be 
considered a desirable design value for the burner-inlet 
velocity, the loss in performance is only about 40 percent 
of that at 600 feet per second and, for a drag coefficient of 
1.0, provides an augmented thrust ratio of 1.47 for aug- 
mented operation and 0.97 for unaugmented operation. 

Although a low drag coefficient is advantageous for max- 
imum thrust , some drag is necessary for satisfactory combus- 
tion, particularly for high-altitude operation. A low burner- 
inlet velocity may therefore be desirable to compensate for 
a high burner drag coefficient and to obtain both a high 
thrust augmentation and to minimize the loss of unaugment ed 
or nonburning thrust. In addition, a low inlet velocity may 
also be required for satisfactory combustion efficiency and 
stability. A reduction in the burner-inlet velocity, however, 
requires an increase in the diameter of the burner that may 
often be limited by aircraft-installation considerations. 

Effect of flight conditions. — The effect of flight Mach 
number on the augmented thrust ratio is shown in figure 5 
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Figure 5.— Variation of normal thrust ratio and augmented thrust ratio obtained by tail- 
pipe burning with flight llach number. Turbine-outlet velocity, 750 feet per second; 
tail-pipe-burner-inlet velocity, 400 feet per second; tail-pipe-bumer-inlet difluser efficiency, 
0.80; tatt-pipe-bumer drag coefficient, 1.0. 


for altitudes of both sea level and 35,000 feet. Included for 
reference are curves of the normal thrust ratio, where this 
thrust ratio is equal to the thrust of the normal-engine con- 
figuration divided by the thrust obtained at sea-level altitude 
and a flight Mach number of 0. The augmented-thrust 
curves of this figure are based on the performance of a tail- 


pipe burner having the same design and operating variables 
as were used for the reference values in the previous figures. 
.Additional calculations for other than these values of tail- 
pipe-burner parameters at several flight speeds indicated that, 
in general, the effect of the various burner-design parameters_ 
on the augmented thrust ratio is slightly greater at low flight 
speeds and somewhat less at supersonic speeds than they are 
at a flight speed of 0. 

For both altitudes considered, the thrust of the normal 
engine decreases slightly as the flight Mach number is first 
increased and then increases as the flight speed is increased 
above a flight Mach number of about 0.5. This variation 
of thrust with flight Mach number is the result of the com- 
bined effects of changing air flow, pressure ratio, propulsive 
efficiency, and inlet diffuser efficiency that accompany the 
changes in flight Mach number. The thrust at an altitude 
of 35,000 feet is from 55 to 60 percent lower than at sea level, 
principally because of the decreased air density at high altitude. 

The augmented t hr ust ratio, shown by the upper curves 
of figure 5, increases considerably with increase in flight Mach 
number but is not greatly affected by altitude for subsonic 
Mach numbers. For sea-level altitude, the augmented thrust 
ratio increases from nearly 1.5 at a Mach number of 0, to 2.0 
at a Mach number of 1.0, and to over 3.0 at a Macli number 
of 2.0. At a flight Mach number of 2.0, increasing the alti- 
tude to 35,000 feet decreases the augmented thrust ratio to 
about 2.5. 

The corresponding specific fuel consumptions for both the 
normal and augmented engines are shown plotted against 
the flight Mach number in figure 6 for altitudes of sea level 



Figure 6. — Variation of specific fuel consumption with flight Mach number for normal and 
augmented operation with tail-pipe burning* Turbine-outlet velocity, 750 feet per second; 
tail-pipe-bumer-inlet velocity, 100 feet per second; tail-pipe-bumer-inlet diffuser efficiency, 
0.80; tafl-pipe-bumer drag coefficient, 1.0. 
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and 35,000 feet. The specific fuel consumption of the 
augmented engine increases with an increase in flight speed 
up to a Mach number of about 0.8 and then decreases with * 
further increase in flight speed. For the normal engine, 
however, the specific fuel consumption increases continuously 
with increased flight speed throughout the range of speeds 
presented. The increase in specific fuel consumption due to 
operation of the tail-pipe burner above that of the normal 
engine therefore becomes reduced as the flight speed is in- 
creased. For example, at sea-level altitude, the augmented 
specific fuel consumption varies from 2.2 times the cor- 
responding normal fuel consumption at a Mach number, of 
0 to about 1.4 times the normal consumption at a Mach 
number of 2.0. At an altitude of 35,000 feet, the augmented 
specific fuel consumption is about 17 percent lower than at 
sea level at subsonic flight speeds and about 12 percent lower 
at high supersonic flight speeds. 

TTnaugmented performance at cruise engine operation. — 
The results presented in figures 2 to 6 are, as previously 
indicated, for a turbine-inlet temperature of 2000° R and 
thus may be considered representative of engine operation at 
maximum rated conditions. In order to determine the effect 
of the tail-pipe-bumer installation on the unaugmented- 
engine performance at cruise conditions, additional calcula- 
tions were made based on engine conditions typical of 
reduced-speed operation at a thrust of about 70 percent of 
the rated value. These calculations indicated that the 
thrust losses, caused by the tail-pipe burner at cruise condi- 
tions for flight Mach numbers in the range of 0.5 to 1.0 are 
within 1 percentage point of those illustrated in figures 2 to 4 
for rated-engine conditions. This small change in the effect of 
burner pressure losses with change in engine operating con- 
ditions is a result of the counteracting effects of a decreased 
burner pressure drop at cruise conditions because of the 
reduced burner-inlet velocity and an increased influence of a 
given burner pressure drop on the jet velocity when the 
exhaust-nozzle pressure ratio is small (as exists for reduced- 
thrust engine operation). 

WATER INJECTION AT COMPRESSOR INLET 
ANALYSIS 

The effect of water injection at the compressor inlet of 
an engine may be illustrated by a schematic plot of typical 
compressor characteristics, as show in figure 7. In figure 7, 
the compressor pressure ratio is plotted against the com- 
pressor air fl ow for two values of the corrected compressor 
speed A7V<W where N is the actual rotor speed and 8 eff is 
an effective temperature of the fluid passing through the 
compressor. The evaporation of the injected liquid extracts 
heat from the air and thus reduces the temperature of the 
fluid passing through the compressor below that of the dry- 
compression process. For constant compressor speed N, 
the decrease in the fluid temperature 8 e// caused by this 
evaporation of the injected liquid results in an increase in 
the corrected compressor speed As indicated in 

figure 7, this increase in corrected compressor speed tends 
to increase the compressor air flow, which, together with 



Fig gre 7.— Typical compressor characteristics illustrating effect of water Inject Ion at compres- 
sor inlet on compressor operating point. 

the injected water, increases the total mass flow. In order 
to pass this increased mass flow tlirough the turbine nozzles, 
the turbine-inlet pressure must be increased with the result 
that the equilibrium running condition between the turbine 
and the compressor is obtained at a higher pressure ratio. 
The change from normal to augmented operation of the 
engine may thus bo represented in figure 7 as a shift from 
point 1 to point 2. This increase in both the compressor 
pressure ratio and the air flow is reflected.. throughout the 
engine as an increase in both the total mass flow and the 
exhaust-nozzle pressure ratio, both of which increase the 
thrust produced. 

As in the analysis of the tail-pipe-burning method of 
thrust augmentation, the compressor efficiency was assumed 
to be 0.80, the turbine efficiency was assumed to be 0.85, 
and the turbine-inlet temperature was maintained constant 
at 2000° R. A compressor pressure ratio of 4.0 was also 
assumed for the normal engine at sea-level altitude and a 
flight Mach number of 0. For all augmented conditions, as 
well as for the normal engine at other flight speeds and alti- 
tudes, the compressor work input was maintained constant 
at the value corresponding to that of the normal engine at 
the condition of sea-level altitude and a flight Mach number 
of 0. Other necessary assumptions of inlet diffuser effi- 
ciency, combustion-chamber pressure drop, and exhaust- 
nozzle velocity coefficient were also the same as for the 
tail-pipe-burning analysis. In addition, an ambient relative 
humidity of 50 percent was assumed for all cases considered. 
The thermodynamic properties of the working fluid for the 
various operating conditions were obtained from curves 
presented in reference 3. 

The compressor performance for the wet-compression proc- 
ess was determined in accordance with the methods de- 
veloped and described in reference 3. These methods in- 
volved the evaluation of the temperature and the water 
content of the saturated mixture at the compressor inlet 
from a psychrometric chart that was developed for wide 
ranges of pressure and temperature, conditions. The per- 
formance of the mechanical part of the wet-compression 
process was then determined from a M oilier diagram for 
saturated air that was specifically prepared for this applica- 
tion and that is similar in principal to the familiar M oilier 
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diagram for steam. By using initial conditions correspond- 
ing to the saturation temperature and water content at the 
compressor inlet, the compression process was traced on this 
diagram for the assumed values of compressor work and 
adiabatic efficiency; the pressure and the temperature at the 
end of the wet-compression process were read directly from 
the diagram. For conditions where the injected water was 
completely evaporated before the end of the compression 
process, the compressor performance was calculated by as- 
suming that the process consisted of two steps: (1) compres- 
sion of the wet mixture as previously discussed; and (2) 
adiabatic compression of the gas mixture calculated according 
to the usual thermodynamic relations. This procedure for 
determining the compressor performance with injection is, 
in effect, equivalent to the evaluation of a new effective fluid 
temperature d eff for the compressor and hence the determina- 
tion of the pressure ratio associated with the increased com- 
pressor corrected speed, as illustrated by point 2 of figure 7. 
The increase in total mass flow for the augmented condition 
was then calculated from consideration of the flow through 
the constant-area turbine nozzles for the assumed turbine- 
inlet temperature and the turbine-inlet pressures correspond- 
ing to the various compressor-outlet- pressures. With the 
compressor-outlet conditions and the mass flow through the 
engine thus determined, the performance of the complete 
engine was calculated by conventional analysis of the per- 
formance of the other engine components. 

The fuel flow for all augmented conditions was considered 
to be the same as for normal-engine operation. Although 
an increased quantity of fuel is required to provide the addi- 
tional energy for vaporization of the injected water, a prac- 
tical means of providing this extra fuel has been found to be 
the addition of alcohol to the injected water. By using the 
proper mixture of water and alcohol, augmented operation 
may therefore be obtained with the same primary fuel flow 
as used in normal operation with resulting simplification of 
operational procedures. Insofar as the thrust augmentation 
is concerned, the thrust produced has also been found to be 
relatively unaffected by the amount of alcohol in the in- 
jected mixture. The values of thrust augmentation pre- 
sented herein for water injection are therefore considered 
applicable to either water injection alone or to the mixtures 
of water and alcohol that are of practical interest ; values of 
total liquid consumption are, however, applicable only to the 
mixtures of water and alcohol that permit operation with 
the same fuel flow as normal operation. 

RESULTS AND DISCUSSION 

The variation in the compressor pressure ratio, the air 
flow, and the augmented thrust ratio with injected water- 
air ratio are shown in figure 8. These results are all for 
conditions of sea-level altitude and a flight Mach number 
of 0; to illustrate the effect of inlet-air temperature, curves 
are shown for NACA standard air b\- the solid lines and for 
Army summer air (40° F higher than NACA standard air) by 
the dashed lines. As the water-air ratio is increased from 0, 
the condition of saturation of the air at the compressor 
inlet is first reached, which is indicated by the triangles on 
956646—31 39 



Fig car 8.— Variation, of compressor pressure ratio, air flow, and augmented thrust ratio with 
water-air ratio for injection at compressor inlet for NACA standard air and Army summer 
air. Flight Mach number. 0; altitude, sea level. 

the curves. Further increases in the water-air ratio result 
in saturation of the air at some point during the mechanical- 
compression process until saturation occurs at the compressor 
outlet, which is indicated by the circles on the curves. 

As previously discussed, the cooling effect of the evapo- 
rating water results in a continuous increase in both the 
compressor pressure ratio and the compressor air flow up to 
the point of saturation at the compressor outlet. At the 
point of saturation of the compressor-inlet air, the changes 
in compressor performance, and hence the thrust augmenta- 
tion produced, are very small because the inlet air can 
evaporate only a small amount of water at these flight con- 
ditions. For saturation at the compressor outlet, however, 
the water-air ratio for NACA standard air is about 0.048, 
which produces an increase in pressure ratio from the normal 
value of 4.0 up to 4.9 and an associated increase in air flow 
of about 15 percent. Although the actual magnitude of 
both the pressure ratio and the air flow r is lower at the higher 
air temperature, the percentage increase in both these 
variables with increasing water-air ratio is greater than for 
NACA standard air and the condition of saturation at the 
compressor outlet occurs at a higher water-air ratio. The 
augmented thrust ratio, shown in the upper part of the 
figure, increases continuously with increased water-air ratio 
and, for saturation at the compressor outlet, reaches a value 
of slightly over 1.40 for NACA standard air and a value of 
1.50 for Army summer air. Although the augmented thrust- 
ratio is greater for the higher air temperature, the actual 
augmented thrust produced is lower because of the lower 
normal thrust for this condition. 
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These water-air ratios are the ideal ratios for thermo- 
dynamic equilibrium between the air and the water through- 
out the compression process. The water-air ratios required 
in actual operation have been found to be somewhat higher 
than these, ideal values and, unlike the other thrust- 
augmentation methods considered herein, the computed values 
of thrust augmentation are somewhat optimistic compared 
with actual experience. Although the cause of this departure 
of the actual process from the ideal one is not completely 
understood, a lack of equilibrium between the air and the 
water and increased losses in the compressor due to the 
presence of the water are probably contributing factors. 

The effect of injected water-air ratio on the augmented 
thrust ratio is further illustrated in figure 9 for several 



Figure 9.— Variation of augmented thrust ratio with water-air ratio for injection at com- 
pressor inlet at various flight Mach numbers and altitudes with NACA standard air. 

flight Mach numbers and for altitudes of sea level and 35,000 
feet. For these calculations, ambient conditions correspond- 
ing to NACA standard air were used. The salient characteris- 
tic of these curves is the large increase in both the augmented 
thrust ratio for a given water-air ratio and in the water-air 
ratio at which saturation at the compressor outlet is readied 
with an increase in flight Mach number. For example, at 
sea-level altitude, the augmented thrust ratio for compressor- 
outlet saturation increases from a value of 1.4 at a 
flight Mach number of O.up to nearly 2.6 at a flight Mach 
number of 2.0 with an attendant increase in the water-air 
ratio from 0.048 to 0.115. For saturation at the compressor 


outlet, the thrust augmentation at an altitude of 35,000 
feet is slightly over 0.5 times, as great as at sea level and the 
required water-air ratios are about 0.7 times as large. 
Although the thrust augmentation provided by saturation 
of the inlet air is insignificant at a flight Mach number of 0, 
an appreciable amount of water may be evaporated ahead 
of the compressor at high Mach numbers and large increases 
in thrust may be thus obtained. 

The specific liquid consumption (including both injected 
water and fuel flow) is plotted in figure 10 as a function of the 
injected water-air ratio for the same range of flight conditions 
as in figure 9. For all flight conditions, the specific liquid 
consumption increases almost linearly with injected water-air 
ratio, increases with flight Mach number, atul decreases as 
the altitude is increased. For sea-level altitude, the specific 
liquid consumption for conditions of saturation at the com- 
pressor outlet increases from 3.2 to 8.8 pounds per hour per 
pound of thrust as the flight Mach number is increased from 0 
to 2.0. At these maximum water-air ratios, increasing the 
altitude to 35,000 feet decreases the specific, liquid consump- 
tion about 30 percent for the range of flight speeds presented. 
These values of specific liquid consumption at sea-level al- 
titude are 2.9 and 5.2 times the specific fuel consumption of 
the normal engine for flight Mach numbers of 0 and 2.0, 
respectively. 



Figure IQ.— Variation oi specific liquid consumption with water-air ratio for injection at 
compressor inlet for various flight Mach numbers and altitudes with NACA standard air, 
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WATER INJECTION INTO COMBUSTION CHAMBERS 

ANALYSIS 

The effect of water injection into the combustion chambers 
on the engine operating conditions may also be illustrated by 
reference to a typical compressor-characteristic curve, as 
shown in figure 11. In this figure, the relation between the 
compressor pressure ratio and the compressor air flow is 
shown for one compressor speed and the surge limit of the 
compressor is represented by the dashed line. Point 1 is 
considered as the normal-engine operating point. 
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Fic.i-re II.— Typical compressor characteristics illustrating effect of water injection into 
engine combustion chambers on compressor operating point. 


For conditions of choked flow through the turbine nozzles 
with a constant turbine-inlet temperature, the total mass flow 
through the engine is dependent only on the turbine-inlet 
pressure (neglecting the less-important effects of the thermo- 
dynamic properties of the fluid). Because of this limitation 
on the total mass flow, the injection of liquids into the com- 
bustion chambers tends to decrease the air flow through the 
compressor. This decrease in air flow, however, is accom- 
panied by a simultaneous increase in the compressor pressure 
ratio, as illustrated by the compressor-characteristic curve of 
figure 11. Because the corrected compressor speed is con- 
stant, the new compressor operating condition may be repre- 
sented by point 2 on the curve. This increase in pressure 
ratio, in turn, permits an increase in the total mass flow 
thmn gh the turbine with the result that a new equilibrium 
running point of the engine having a lower compressor air 
flow, a higher compressor pressure ratio, and a higher total 
mass flow is obtained. The thrust augmentation produced 
therefore depends on the operating characteristics of the com- 
pressor and is a result of both the increased total mass flow 
and the higher jet velocity provided by the increased pressure 
ratio. In addition to these effects, the increased gas constant 
and specific heat of the water-air mixtures also contribute, to 
a smaller degree, to an increase in the turbine-outlet pressure 
and hence in the jet velocity. From the diagram of figure 11 , 
it is obvious that the amount of water that may be injected 
will be limited by compressor surge. 

The analysis of the combustion-chamber-injection method 
of thrust augmentation is based on a compressor having the 
characteristics illustrated in figure 12. These characteristics 
were established in a somewhat arbitrary -manner from the 
test results of a full-scale compressor but are considered typical 
of current axial-flow compressors. The use of combustion- 
chamber injection with a compressor having an essentially 
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flat characteristic, such as that of current centrifugal-flow 
compressors, is not considered of practical interest 
because of the very limited obtainable increase in pressure 
ratio, and hence in engine thrust. Because all engine 
operation is considered to be at a constant compressor speed 
N, the corrected speed N/ tfd for various flight conditions is 
inversely proportional to the square root of the compressor- 
inlet temperature. The five constant-speed curves of 
figure 12, varying in the value of A TJ-yfd from 100 percent to 
74.6 percent of the rated value, thus represent the compressor 
operating line for flight Mach numbers of 0, 0.5, 1.0, 1.5, and 
2.0 at sea level, respectively. The pressure ratio of this 
compressor was set at a value of 4.0 for normal operation at 
sea-level altitude and a flight Mach number of 0 to be con- 
sistent with the other thrust-augmentation methods con- 
sidered. The normal-engine operating line for a constant 
turbine-inlet temperature and for flight at various Mach 
numbers was established from considerations of equilibrium- 



Figure 12.— Compressor characteristics assumed for analysis of thrust augmentation by 
water Injection into engine combustion chambers. 


flow conditions between the compressor and the turbine. 
This operation at constant turbine-inlet temperature for a 
range of flight speeds (or corrected compressor speeds) may, 
of course, require the use of a variable-area exhaust nozzle. 

In addition to the assumption of this compressor character- 
istic, a compressor efficiency of 0.80, a turbine efficiency of 
0.85, and a turbine-inlet temperature of 2000° it were 
assumed. This assumption of constant compressor efficiency 
requires that the compressor work per pound of air, and hence 
the compressor slip factor, be varied as the operating point of 
the compressor is varied along a constant corrected-speed 
line. Based on a study of the actual characteristics of 
several axial-flow compressors, this assumption of constant 
efficiency is considered to be a fairly accurate idealization of 
actual performance for the range of operating conditions 
involved in the analysis. Conversely, a slight reduction in 
efficiency is normally encountered when the corrected com- 
pressor speed is reduced from the design value; the error 
introduced in the computed thrust augmentation at the 
various flight speeds considered by the assumption of a 
constant efficiency is, however, small because both the 
augmented and normal thrust are affected by the compressor 
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efficiency in about the same manner. Other assumptions of 
inlet-diffuser efficiency, combustion-chamber pressure drop, 
and exhaust-nozzle velocity coefficient were also the same as 
for the other thrust-augmentation cycles previously pre- 
sented. For each flight condition and hence _ each com- 
pressor operating line of interest, the equilibrium running 
point between the compressor and the turbine was de- 
termined for various injection rates, by graphically super- 
imposing the compressor- and the turbine-flow character- 
istics. By using the compressor pressure ratio and air flow 
thus determined, the performance of the complete cycle was 
computed using conventional thermodynamic methods of 
analysis. As for the calculations of compressor-inlet injec- 
tion, the fuel flow was considered to be the same as for normal- 
engine operation and the thermodynamic properties of the 
mixture passing through the turbine and the exhaust nozzle 
were obtained from the data presented in reference 3. 

RESULTS AND DISCUSSION 

The variation of the compressor pressure ratio, the air flow, 
the total mass, flow, and the augmented thrust ratio with 
injected water-air ratio are shown in figure 13. The simul- 



Figure 13.— Variation of compressor pressure ratio, air flow, total mass flow, and augmented 
thrust ratio with water-air ratio for injection into engine combustion chambers. Flight 
Mach number, 0; altitude, sea level. 

taneous increase in the pressure ratio and the decrease in the 
air flow resulting from the assumed compressor characteristics 
are shown by the two lower carves. The assumed compressor 
surge line limits the injection rate to a water-air ratio of 
about 0.16, at which point the pressure ratio has increased 
to 4.65 and the air flow has decreased to about 95 percent 


of the normal value. The total mass flow through the 
engine, which is equal to the sum of the air flow, the fuel 
flow, and the injected water, increases from a normal value 
of about 1.018 times the air flow to a maximum value of 1.12 
times the normal air flow, or an increase of 10 percent. The 
augmented thrust ratio resulting from these changes in 
pressure ratio and mass flow increases almost linearly with 
increased water-air ratio and reaches a value of 1.32 at the 
assumed compressor surge point. 

The thrust augmentation provided by eombuslion- 
chamber injection is shown in figure 14 for a range of flight 



Figure 14.— Variation of augmented tbrust ratio, watcr-air ratio, and spcclflo liquid con- 
sumption with flight Mach number for combustion-chamber and eompressor-inlct injection 
at sea-level altitude. Combustion-chamber injection for surgo-Iimited compressor opera- 
tion and compressor-inlet injection for saturation at compressor outlet. 

Mach numbers at sea-level altitude; performance of the 
compressor-inlet-injection method is included for comparison. 
The water-air ratios and the specific liquid consumption 
associated with each of these two methods of injection are 
shown in the upper part of the figure. For each flight Mach 
number, the injection at the compressor inlet was assumed 
sufficient to saturate the air at the compressor outlet and 
the injection into the combustion chambers was taken ns the 
limiting value at the compressor surge point. Although 
engine operation at the compressor surge point is recognized 
as being an impractical mode of operation, the results arc 
presented on this basis in order to illustrate, for the assumed 
compressor, the limiting or maximum values of thrust 
augmentation obtainable. 
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The augmented thrust ratio obtained by combustion- 
chamber injection rapidly increases with flight Mach number 
and reaches a value of about 2.40 at a flight Mach number 
of 2.0. For the range of flight speeds considered, these values 
of augmented thrust ratio are from 6 to 12 percent lower than 
those obtained by injection at the compressor inlet. The 
water-air ratios for combustion-chamber injection also in- 
crease with increased flight speed and reach a value of about 
0.28 at a Mach number of 2.0. These water-air ratios are 
about 3 times as great as for compressor-inlet injection at low 
flight speeds and about 2.5 times as great at high flight speeds. 
Because of the difference in augmented air flows for the two 
methods, however, the actual water-injection rates are 
rou ghl y twice as great for the combustion-chamber-injection 
method as for the eompressor-inlet-injection method. 

The specific liquid consumption for combustion-chamber 
injection increases from a value of about 8 pounds per hour 
per pound of thrust at a flight Mach number of 0 to about 
1 5 pounds per hour per pound of thrust at a Mach number 
of 2.0. ^ These values of specific liquid consumption ait 2.4 
and 1.7 times as great as for compressor-inlet injection and 
about 7.0 and 8.9 times the specific fuel consumption of the 
normal engine for flight Mach numbers of 0 and 2.0, respec- 
tively. 

BLEEDOFF 

ANALYSIS 

In the bleedoff cycle of thrust augmentation, the secondary 
combustion or dilution air, which is normally required to 
prevent the turbine-inlet temperature from exceeding per- 
missible values, is bled off from the combustion chambers 


(or compressor outlet) and ducted to an auxiliary combustion 
chamber where it is burned to a high temperature and dis- 
charged through an auxiliary exhaust nozzle. This air that 
is bled off is replaced with water that vaporizes in the com- 
bustion chamber and passes through the turbine as steam. 
Thus, in essence, the dilution air is replaced with steam and 
at the same time a high-pressure air supply for an auxiliary 
jet is made available. The injection of water into the com- 
pressor inlet, as previously discussed, is also considered as a 
part of the bleedoff cycle of operation in order to take advan- 
tage of the increased compressor pressure ratio and air flow 
obtained by this method. A schematic diagram of a turbojet 
engine equipped for thrust augmentation by the bleedoff 
method is presented in figure 15. This bleedoff engine may 
be considered as consisting of two main components, the 
normal turbojet engine, which is fitted with a bleedoff mani- 
fold and the necessary water-injection nozzles, and an auxil- 
iary engine that consists essentially of the auxiliary combus- 
tion chamber and exhaust nozzle. For convenience of termi- 
nology, the turbojet-engine component shall be designated 
the primary engine and the auxiliary combustion chamber 
and its exhaust nozzle shall be designated the secondary 
engine. A shut-off valve is provided in the ducting connect- 
ing these two engines, which is maintained in the open posi- 
tion for bleedoff operation and may be closed to return the 

engine to normal operating conditions. 

The analysis of the bleedoff cycle of thrust augmentation 
was made for two different types of compressor characteris- 
tic. One of these characteristics was similar to that of the 
typical axial-flow compressor assumed for the combustion- 
chamber-injection analysis and the other was typical of 



Figure IS.— Schematic diagram of turbojet engine equipped for bleedoff. 
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current centrifugal-flow compressors. These two character- 
istics, together with the assumed surge limits, are illustrated 
in figure 16. The particular values of pressure ratio and 
air flow shown in this figure will be discussed in a subsequent 
paragraph. For convenience in terminology, engines having 
these two types of compressor shall be denoted as the axial- 
flow and centrifugal-flow engines. 



FrooRE 16.— Compressor characteristics assumed for analysis of thrust augmentation by 
blecdoS. Water-air ratio of compressor-inlet injection, 0.03; rated compressor speed; flight 
Mach number, 0; altitude, sea level. 

For each type of engine, several modes of operation are 
possible depending on the manner in which the area of the 
exhaust nozzle on the primary engine is permitted to vary. 
For the present analysis, the performance of both the axial r 
and centrifugal-flow engines was determined for both a 
constant- and a variable-area exhaust nozzle. For the case 
of the variable-area nozzle, the area was selected as the value 
that provided the largest combined thrust of the primary and 
secondary engine for a given total liquid consumption or, 
conversely, the minimum liquid consumption for a given 
total thrust. This mode of operation shall be considered as 
occurring with an optimum-area exhaust nozzle. In ad- 
dition to the preceding four cases, results are also presented 
for a variation of the exhaust-nozzle area that provides a 
constant compressor air flow, and hence constant pressure 
ratio, for all conditions of bleedoff operation. This operation 
at a single compressor operating point, which shall be 
designated the constant air-flow case, is considered of interest 
because the results will be applicable to engines having any 
type of compressor characteristic. 

For the axial-flow engine, the compressor efficiency was 
assumed to be constant at a value of 0.80, which, as previously 
discussed in connection with the combustion-chamber- 
injection analysis, results in a variation of the compressor slip 
factor, and hence, in the compressor work, as the operating 
point of the compressor is varied. For the centrifugal-flow 
engine, however, the compressor efficiency was assumed to 
be 0.80 only at the point of zero bleedoff and for all other 
conditions was vai’ied to satisfy conditions of constant slip 
factor. This assumption of constant efficiency for the axial- 
flow compressor and constant slip factor for the centrifugal- 
flow compressor was based on a study of the actual charac- 
teristics of several typical compressors and is considered to 
be a fairly accurate idealization of the characteristics of each 
type of compressor over the range of operating conditions 


involved in the present analysis. For all calculations, the 
turbine efficiency was assumed to be 0.85 and the turbine- 
inlet temperature was maintained constant at 2000° R. 
The injection rate at the compressor inlet was assumed to 
be sufficient to maintain a constant water-air ratio of 0.03, 
except for one example in which it was increased sufficiently 
to obtain saturated air at the compressor outlet. The fuel 
flow to the primary engine was obtained for the various 
combustion-chamber water-air ratios and temperature rises 
from the charts of reference 4. The secondary-engine fuel- 
air ratio was assumed to be stoichiometric for all conditions 
presented and the effects of dissociation were considered in 
the determination of the outlet gas temperature. The com- 
bustion efficiency of both the primary and secondary engines 
was assumed to be 0.95. The pressure loss in the bleedoff 
ducting was taken the same as the pressure drop in the pri- 
mary combustion chambers; that- is, the total pressure al 
the secondary-engine inlet was the same as the turbine-inlet 
pressure: The velocity coefficient of both the eonstanl- 
and variable-area exhaust nozzles on the primary engine, 
as well as the exhaust nozzle of the secondary engine, was 
assumed to be 0.975. The maintenance of these assumed 
operating conditions implies that the proper size of exhaust 
nozzle is provided on the secondary engine for the specified 
flow conditions at eveiy operating point. All calculations 
were made for a flight Mach number of 0 and sea-level alti- 
tude. 

The compressor pressure ratio and the compressor mass 
flow for injection at the compressor inlet were first determined 
by the compressor-inlet-injection analysis previously pre- 
sented; by using these values as the normal operating point 
of the compressor, the desired compressor-characteristic line 
to be used for various bleedoff and combustion-charnber- 
injection rates was drawn through this point. For an inlet 
injection of a water-air ratio of 0.03, the pressure ratio is 
4.65 and the compressor mass flow (air flow plus inlet water 
injection) is about 1.15 times the normal air flow. As 
illustrated in figure 16, this operating point is common to 
both compressor characteristics. The range of air flow and 
pressure ratio illustrated by the extent of the lines in figure 
16 represents the range of compressor operating conditions 
accompanying the range of bleedoff and water-injection rates 
covered by the analysis. 

Various values of bleedoff flow and eombustiou-elmmber- 
injection rates were then assumed (requiring variations in* 
the exhaust-nozzle area) and, for each pair of values, the 
relation, between turbine-inlet pressure (also compressor- 
outlet pressure) and compressor mass flow was established 
from thnflow conditions through the choked turbine nozzles. 
This relation between compressor-outlet pressure and mass 
flow based on the turbine characteristics was superimposed 
on the .desired compressor characteristics; the equilibrium 
engine operating condition for the assumed bleedoff and 
water-injection flows was determined by tbe intersection of 
the two "curves. The compressor work, the turbine work, 
and hence the turbine-outlet conditions and the primary- 
engine thrust, as well as the secondary-engine thrust, were 
computed by conventional thermodynamic methods of 
analysis. 
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Tlie preceding method was repeated for wide ranges of 
both bleedoff flow and combustion-chamber-injection rate 
and, for each case, both the various parameters of engine 
performance and the primary-engine exhaust-nozzle size were 
determined. Plots of the engine-performance variables 
against exhaust-nozzle size were then made from which 
cross plots for either the constant-area nozzle or the desired 
type of area variation could be made. The constant-area 
exhaust nozzle was, of course, of the same area as for normal 
or unaugmented engine operation. A check calculation was 
also made, which indicated that the exhaust-nozzle area for 
inlet injection alone at a water-air ratio of 0.03 was also the 
same as for normal operation. The results of the present 
bleedoff analysis at the point of zero bleedoff therefore cor- 
respond with the results of the inlet-injection analysis pre- 
viously presented at a water-air ratio of 0.03. 

RESULTS AND DISCUSSION 

Bleedoff and water-injection rates. — The relation between 
the bleedoff-flow rate and the water-injection rate into the 
primary-engine combustion chambers for both the axial- 
and centrifugal-flow-type engines is shown in figure 17. 
Both the bleedoff flow and the injection rate are presented 
as a ratio of the flow rate to the air flow of the normal, or 
unaugmented engine, and shall be designated the water- 
injection ratio and bleedoff-flow ratio, respectively. For 
the constant-area exhaust nozzle, presented in figure 17(a), 
the required water-injection rate increases almost linearly 
with an increase in bleedoff flow for both the axial- and 
centrifugal-flow-type engines. The amount of water injec- 
tion required, however, is considerably greater for the 
centrifugal-flow engine than for the axial-flow engine with 
about 0.6 pound of water required to replace each pound of 
bleedoff air for the centrifugal-flow engine as compared to 
only 0.4 pound of water per pound of air for the axial-flow 
engine. For both engines, the maximum operable bleedoff 
flow is reached when the fuel-air ratio in the primary-engine 
combustion chamber becomes stoichiometric. These maxi- 
mum bleedoff-flow ratios, shown by the end points of the 
curves, are about 0.48 and 0.65 for the centrifugal- and 
axial-flow engines, respectively. 

The performance with the optimum-area exhaust nozzle for 
each type of engine, as well as the condition of constant air 
flow, is presented in figure 17(b). The variation in the 
exhaust-nozzle area for each case is also included in the 
upper part of the figure. With the optimum-area exhaust 
nozzle, the relation between the bleedoff-flow rate and the 
water-injection rate is similar for both types of engine, with 
somewhat lower bleedoff flows being obtained with the 
centrifugal-flow engine than with the axial-flow engine. With 
both types of engine, a considerable amount of air can be 
bled off without injection into the combustion chambers 
(with increases in the exhaust-nozzle area), representing the 
optimum conditions of minimum liquid consumption. A 
further increase in thrust, however, requires water injection 
with the amount increasing in approximately direct propor- 
tion to the bleedoff flow, as illustrated by the rising portion 
of the curves. At the maximum bleedoff-flow ratios of 0.5 
for the centrifugal-flow engine and 0.57 for the axial-flow 
engine, the fuel-air ratio in the primary-engine combustion 



(a) Constant-area exhaust nozzle. 

(b) Variable-area exhaust nozzle. 


I 


Fiocbe 17.— Variation of water-injection rate into primary-engine combustion chambers 
with bleedoff Sow. Flight Mach number, 0; altitude, sea level. 
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chamber becomes stoichiometric. Further increases in 
thrust are, however, possible by reducing the bleedoff flow 
to provide the primary engine with more air and making up 
the resulting decrease in secondary-engine thrust by increas- 
ing the water injection in the primary engine, as illustrated 
by the uppermost portion of the curves. This decrease in 
bleedoff flow and increased injection rate shifts the com- 
pressor operating point to higher pressure ratios until tire 
limiting condition of compressor surge is reached at a bleedoff- 
flow ratio of 0.39 for the centrifugal-flow engine and 0.23 for 
the axial-flow engine. At this limiting condition, approxi- 
mately 0.85 pound of water is required for each pound of air 
that is bled off for the centrifugal-flow engine and about 1.60 
pounds of water per pound of air are required for the axial- 
flow engine. The apparent anomaly of the optimum-area 
nozzle requiring greater water-injection rates than the 
constant-area nozzle (see fig. 17(a)) for a given bleedoff- 
flow ratio in the region of high bleedoff flows is explained by 
the correspondingly greater thrust provided by the primary- 
engine under these conditions, as will be illustrated later. 

For the case of constant compressor air flow, about 0.75 
pound of water is required to replace each pound of bleedoff 
air. Because both the compressor air flow and the turbine- 
inlet pressure and temperature are constant for this condi- 
tion, the replacement of water for air in the primary com- 
bustion chambers differs from a direct 1 : 1 ratio only 
because of the changing thermodynamic properties of the 
mixture passing through the turbine. The maximu m 
bleedoff-flow' ratio for these conditions, which occurs at 
stoichiometric fuel-air ratio, is about 0.415. 

The variation in size of the optimum-area exhaust nozzle, 
shown in the upper part of the figure, is within about 10 
percent of either side of the normal area for both types of 
engine over the range of operable bleedoff flows. During 
the phase of bleedoff without water injection, an increase in 
the nozzle size is necessary to prevent an increase in the 
turbine-inlet temperature. With an increase in water in- 
jection accompanying the increased bleedoff, however, the 
nozzle size is decreased because both the turbine-inlet 
pressure is increased and the pressure drop across the turbine 
is decreased by the water injection. For the constant-air- 
flow condition, the exhaust-nozzle area decreases almost 
linearly with increased bleedoff flow and reaches a value of 
about 0.95 times the normal area at the maximum operable 
bleedoff flow. This variation in nozzle area is a result of the 
decrease in both exhaust mass flow and turbine pressure 
ratio caused by the changing thermodynamic properties of 
the working fluid. 

Performance of primary engine. — The variation of both 
the total liquid flow and the thrust of the primary engine 
with bleedoff flow is presented in figures 18(aj and 18(b) for 
the constant- and variable-area exhaust nozzles, respectively. 
For all operating conditions presented, the total liquid flow 
exhibits characteristics very similar to those of the combustion- 
chamber-injection flow illustrated in figure 17 because the 
other liquid flows involved (fuel flow and inlet-injection flow) 
are approximately constant and of relatively smaller magni- 
tude. At zero bleedoff flow, the liquid flow is about 5.8 per- 
cent of the normal-engine air flow, which consists of the 


engine fuel flow and the compressor-inlet injection. For the 
constant-area exhaust nozzles (fig. 18(a)), the liquid flow in- 
creases almost linearly with increased bleedoff flowand reaches 
values of approximately 39 and 30 percent of the normal air 
flow at the maximum bleedoff conditions for the centrifugal- 
and axial-flow engines, respectively. The maximum liquid 
flows for the optimum-area exhaust nozzles (fig. 18(b)) are 



(a) Constant-area exhaust nozzle. 

(b) Variable-area exhaust nozzle. 

Figobe 18.— Variation of total liquid flow and tbrust of primary engine with bleedoff lluw. 
Flight Mach number, 0; altitude, sea level. 
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41 and 46 percent of the normal air flow for the centrifugal- 
and axial-flow engines, respectively, at which condition the 
primary-engine combustion chambers are operating stoichio- 
metrically and the compressors are operating at the surge 
limit. 

The primary-engine thrust with the constant-area exhaust 
nozzle (upper part of fig. 18(a)) decreases approximately 
linearly as the bleedoff flow is increased for the axial-flow 
engine and is nearly constant for the centrifugal-flow engine. 
For the axial-flow engine, the thrust varies from 1.28 times 
the normal thrust at zero bleedoff (effect of inlet injection 
alone) to about 0.75 times the normal thrust at the maximum 
bleedoff-flow ratio of 0.65. In spite of this decrease in 
primary-engine thrust, the utilization of the bled air in the 
secondary engine results in an increasing total thrust output, 
as will be illustrated later. The much larger reduction in 
thrust with bleedoff flow for the axial-flow engine than for the 
centrifugal-flow engine is a direct result of a shift in the 
operating point of the axial-flow compressor to lower pressure 
ratios as the bleedoff flow is increased, as compared with the 
approximately constant pressure-ratio characteristics of the 
centrifugal-flow compressor. The resulting reduction in 
turbine-inlet pressure tends to reduce the engine thrust by 
the combined effects of the reduced pressure itself, a lower 
mass flow through the turbine, and an increase in the work 
per pound of fluid that must be extracted by the turbine. 

For the optimum-area exhaust nozzle (fig. 18(b)), the 
thrust of both the centrifugal- and axial-flow engine decreases 
very rapidly with increased bleedoff flow in the region of low 
bleedoff and zero water injection because of the attendant 
decrease in mass flow and turbine-outlet pressure, as pre- 
viously discussed. Although these values of thrust with the 
optimum-area exhaust nozzle are lower than with the 
constant-area nozzle (fig. 18(a)) in the region of low bleedoff 
flows, they will be subsequently shown to be superior oper- 
ating conditions. For bleedoff-flow ratios greater than 
about 0.3 (fig. 18(b)), the thrust of both engines increases 
slightly with increased bleedoff flow because the air that is 
bled off is almost exactly replaced by the water injection and 
the higher values of the gas constant and specific heat of 
the water-air mixture passing through the turbine results 
in a slight increase in the turbine-outlet pressure. After 
stoichiometric combustion is reached in the primary com- 
bustion chamber (at the maximum bleedoff-flow ratios), the 
thrust increases very rapidly because the bleedoff flow is 
decreasing and the water injection is increasing, both of 
which increase the total mass flow through the engine. 

For the constant-air-flow condition, the thrust increases 
slightly with increased bleedoff flow because of the decrease 
in the turbine pressure ratio, and hence the increase in the 
turbine-outlet pressure and jet velocity, as previously 
discussed. 

Performance of secondary engine. — The thrust and the 
total liquid (fuel) flow of the secondary engine is shown for 
the same range of bleedoff flow's in figure 19 for the axial- 
and centrifugal-flow engines and for the constant- and variable- 
area exhaust nozzles. Because ' the secondary engine 
was assumed to be operating at stoichiometric fuel-air ratio, 
the liquid-flow curve is simply a straight line with a slope of 

036646—51 40 



F igttre 19.— Variation of fuel flow and thrust of secondary engine with bleedoff flow. Flight 
Mach number, 0; altitude, sea level. 

about- 0.068. The thrust increases approximately linearly 
with bleedoff flow at about the same rate for all the various 
engine and exhaust-nozzle types considered and varies from 0 
at zero bleedoff to a maximum value of 1.3 times the thrust 
of the normal engine at themaximumbleedoff-fiowratioof0.65 
(axial-flow engine with, constant-area exhaust nozzle). 
For bleedoff-flow ratios of slightly less than 0.5, the secondary- 
engine thrust is the same as the normal-engine thrust. The 
somewhat smaller thrust per pound of bleedoff floiv for the 
axial-flow engine as compared with the centrifugal-flow 
engine is a result of the lower compressor-outlet pressure of 
the axial-flow engine at high bleedoff flows and hence lower 
inlet pressure to the secondary engine. 
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Performance of complete engine, — The performance of the 
complete engine is shown in figure 20 as a plot of the aug- 
mented thrust ratio against the augmented liquid ratio (ratio 
of total liquid flow to normal fuel flow). An auxiliary 
abscissa scale of the ratio of total liquid flow to normal- 
engine air flow is included for reference. Five curves are 
shown in this figure, which represent the performance of 
both the centrifugal- and axial-flow engines, each with con- 
stant- and optimum-area exhaust nozzles, and the case of 
constant compressor air flow. The specific liquid consump- 
tion, which is equal to the augmented liquid ratio divided by 
the augmented thrust ratio times the normal specific fuel 
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Figure 20— Variation of augmented thrust ratio with ratio of total liquid flow to normal- 
engine fuel flow (augmented liquid ratio) and to normal-engine air flow for blecdoff method 
of thrust augmentation for complete engine. Flight Mach number, 0; altitude, sea level. 


consumption of the engine, is shown by the straight lines 
superimposed on the thrust curves. The occurrence of 
stoicliiometx-ic fuel-air ratio in the primary-engine combus- 
tion chamber and of compressor surge are also noted where- 
ever applicable by the circle and triangle symbols, respec- 
tively. The square symbol represents the condition of suffi- 
cient injection at the compressor inlet to saturate the air at 
the compressor outlet for the constant-air -flow case. The 
condition of zero bleedoff is represented by the point where 
all five curves became coincident at an augmented thrust 
ratio of 1.28 and an augmented liquid ratio of 3.30. 


For all five cases considered, the augmented thrust ratios 
at a given augmented liquid ratio are of about the same 
magnitude and, except in the region of maximum liquid 
ratios with optimum-area exhaust nozzles, increase in .an 
approximately linear manner with an increase in the aug- 
mented liquid ratio above the point of zero bleedoff. For 
augmented liquid ratios greater than about 12, the aug- 
mented thrust ratio is slightly higher for the centrifugal-flow 
engine than for the axial-flow engine for both types of exhaust 
nozzle. This superior performance of the centrifugal-flow 
engine, which is in opposition to the results obtained by 
combustion-chamber injection alone, is, as previously dis- 
cussed, a result of the approximately eonstant-pressure-ratio 
characteristics of this compressor over the operable range of 
bleedoff flows as compared with the decreased pressure ratio 
of the axial-flow compressor with increased blecdoff flow. 
For both the centrifugal- and axial-flow engines, the aug- 
mented thrust ratios arc about- the same with both the con- 
stant- and optimum-area exhaust" nozzles for most of the 
operating range but, for the axial-flow engine, operation at 
higher augmented liquid ratios is possible with the optimum- 
area exhaust nozzle. Thus, for all operating conditions 
for the centrifugal-flow engine and for augmented thrust 
ratios below' about 2.0 for the axial-flow engine, the use of a 
variable-area exhaust nozzle is of little advantage; the 
principal advantage of the variable-area nozzle is that, for 
the axial-flow engine, a higher maximum value of thrust 
augmentation may be reached. 

For the axial-flow engine with the constant-area exhaust- 
nozzle, the maximum augmented thrust- ratio is slightly over 
2.0 and the associated augmented liquid ratio is about 19. 
With the optimum-area exhaust nozzle on this engine, the 
maximum augmented thrust ratio is slightly over 2.2 when 
the augmentedliquid ratio is about- 25. For the centrifugul 
flow engine, the maximum augmented thrust ratio is about 
2.3 at an augmented liquid ratio of nearly 24 for both the 
constant- and optimum-area exhaust nozzles. The con- 
dition of constant air flow', which requires a variable-area 
exhaust nozzle, results in engine performance that is very 
nearly the same as that of the optimum-area nozzle on the 
axial-flow engine. The maximum augmented thrust ratio 
for this condition of operation, which can be obtained with 
any type of compressor characteristic, is slightly over 2.2. 
A comparison of this curve with the square symbol indicates 
that, at a given augmented liquid ratio, an increase in the 
water injection at the compressor inlet from a water-air 
ratio of_Q.©3 to that required for saturation at the compressor 
outlet (0.048) resulted in an increase of only about- 1 percent 
in the augmented thrust ratio. 

At the maximum operating condition, the specific liquid 
consumption varies from 10.5 pounds per hour per pound 
of thrust for the axial-flow engine with the constant-area 
exhaust nozzle up to about 13 pounds per hour per pound 
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of thrust for this engine with the optimum-area exhaust 
nozzle. The specific liquid consumption of this method 
of thrust augmentation at the maximum operating condition 
is thus from 9.5 to 11.8 times the specific fuel consumption 
of the normal engine. 

The maximum values of augmented thrust ratio indicated 
in figure 20, which are for a flight Mach number of 0 and 
sea-level altitude, are considerably higher than are possible 
by any of the other thrust-augmentation methods presented. 
Thus, the method of air bleedoff provides very large take-off 
thrust augmentation but at the expense of high rates of 
liquid consumption. The practical attainment of these 
high values of thrust augmentation requires, however, that 
combustion be maintained in the engine combustion chambers 
at high fuel-air ratios and for relatively high rates of water 
injection. 

SUMMARY OF RESULTS 

The following results were obtained from a theoretical 
investigation of the application of tail-pipe-burning, water- 
injection, and bleedoff methods of thrust augmentation 
to turbojet engines representative of current design practices 
and operating conditions : 

Tail-pipe burning. — In order to obtain high thrust aug- 
mentation and to minimize the loss in engine performance 
during nonburning operation arising from pressure losses 
in the burner, the tail-pipe burner should have a low burner- 
inlet velocity, a low burner drag, and a high diffuser efficiency 
(especially for engines having a high turbine-outlet velocity). 
For a typical tail-pipe-burner design, the ratio of augmented 
to normal thrust for sea-level operation increased frith flight 
Mach number from a value of nearly 1.5 at a flight Mach 
number of 0 to over 3.0 at a Mach number of 2.0. The 
thrust augmentation was comparatively unaffected by 
altitude at subsonic flight speeds but decreased appreciably 
as the altitude was increased from sea level to 35,000 feet 
at high supersonic speeds. The total specific fuel consump- 
tion for augmented operation at sea-level altitude was 2.2 
times the normal consumption at' a flight Mach number of 
0 and about 1.4 times the normal consumption at a Mach 
number of 2.0. 

Water injection. — With water injection into the compressor 
inlet, the evaporative cooling of the air resulted in an 
increase in the corrected compressor speed and an associated 
increase in both the compressor pressure ratio and the air 
flow. The thrust augmentation produced increased con- 
siderably with increased flight Mach number and decreased 
with increasing altitude. With sufficient water injection to 
saturate the air at the compressor outlet, the ratio of aug- 
mented to normal thrust at sea level increased from 1.4 
at a flight Mach number of 0 to nearly 2.6 at a Mach num- 
ber of 2.0 frith an attendant increase in the water-air ratio 
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from 0.048 to 0.115. The total specific liquid consumption 
for these conditions of operation was 2.9 and 5.2 times the 
specific fuel consumption of the normal engine for flight 
Mach numbers of 0 and 2.0, respectively. The injection of 
water into the combustion chamber was shown to cause a 
shift in the compressor operating point to a higher pressure 
ratio, which in turn increased the total mass flow through 
the turbine. The maximum thrust augmentation produced 
by combustion-chamber injection for an engine having com- 
pressor characteristics typical of an axial-flow compressor 
was slightly less than that obtained by compressor-inlet 
injection; the specific liquid consumption was about 2 times 
as great. 

Bleedoff. — The ratio of augmented to normal thrust 
obtained by the bleedoff method increased almost linearly 
with total liquid flow for both axial- and centrifugal-Sow-type 
engines and was the highest of the three systems studied. 
For the centrifugal-flow-type engine, which had a relatively 
flat compressor characteristic, the maximum augmented 
thrust at a flight Mach number of 0 and sea-level altitude 
was about 2.3 times the normal thrust with either a constant- 
area exhaust nozzle or a variable-area exhaust nozzle 
set at the optimum area. For the axial-flow engine, which 
had a steep compressor-characteristic curve, the maximum 
augmented thrust at these flight conditions was slightly 
over 2.0 times the normal thrust with a constant-area ex- 
haust nozzle and about- 2.2 times the normal thrust with a 
variable-area exhaust nozzle (at optimum area). The total 
specific liquid consumption at these maximum operating 
conditions was from 9.5 to 1 1.8 times the specific fuel consump- 
tion of the normal engine. These high values of Jhrust 
augmentation were thus obtained at the expense of veiy 
high rates of liquid consumption and require that stoichio- 
metric combustion be maintained in the engine combustion 
chambers. 

Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, September 2, 194-9. 
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